The yeast RHO1 GTPase, which has 72% amino acid sequence identity with its human counterpart, RHOA, is essential for growth, although the reason has not been investigated. We report here that yeast strains that rely solely on expression of human RHOA in place ofRHOI are able to grow at 23C but grow neither at 37C nor in the presence of 300 mM CaCl2 even at 23C. Measurements of steady-state protein levels indicate that inability to grow at the restrictive temperature is not due to instability of the protein. Homolog scanning with the two GTPases identified a small, 27-residue region of RHO) which, when substituted into RHOA, confers full function in yeast. This region corresponds to the a3-helix loop 7 region of RAS; the same region was reported to determine specificity of function between GTPases of the RAB family, Sec4p and Yptlp. By examining the phenotype of RHOA substitution strains at nonpermissive temperature, we found evidence suggesting that the normal function ofRHOI is to maintain osmotic Integrity.
RHOA substitution strains at nonpermissive temperature, we found evidence suggesting that the normal function ofRHOI is to maintain osmotic Integrity.
Rho GTPases, which comprise one subfamily of ras-related GTP-binding proteins, are thought to act as molecular switches by cycling between two states (the active GTPbound form and the inactive GDP-bound form) (1, 2) . Transitions between these two states are controlled by regulator molecules, including GTPase-activating proteins, guanine nucleotide-exchange factors, and guanine nucleotidedissociation inhibitors. Many such regulator molecules have been identified for mammalian rho GTPases (3) . Evidence is accumulating that the rho family GTPases function in cell morphology (4) , cell motility (5), cell adhesion (6, 7), cytokinesis (8) , and smooth muscle contraction (9) through regulation of actin assembly (10) (11) (12) .
In the yeast Saccharomyces cerevisiae, five members of the rho subfamily (RHO), RHO2, RHO3, RHO4, and CDC42) have been identified (13) (14) (15) (16) (17) . RHO) and CDC42 are essential genes (13, 17) . RHO3 and RHO4 are related functionally to each other and loss ofboth results in growth failure above 300C (14, 15) . RH02 is not essential for growth under any conditions tested (13) . Of these rho-homologous genes, Cdc42p has been best studied to date both genetically and biochemically (16) (17) (18) (19) (20) .
The functions of some of the rho subfamily proteins have been investigated by using conditional-lethal mutations. Failure of temperature-sensitive cdc24 and cdc42 mutations to form buds implicated Cdc24p and Cdc42p in bud organization (16) , an idea supported in the case of Cdc42p by its localization in the growing tip of the bud (20) . The amino acid sequences of Bem3p and Cdc24p showed them to be homologous to GTPase-activating proteins and guanine nucleotideexchange factors, respectively, a result confirmed by direct biochemical analysis (21) . In contrast, little is known about the function of RHO) since no conditional-lethal mutants have yet been reported. A possible function of RHO) in the secretory process was suggested by the observation that Rholp is found associated with the Golgi apparatus and post-Golgi vesicles (22) .
Expression of a human homolog of CDC42, CDC42Hs, complements the temperature-sensitive growth of cdc42-1 (23, 24) . In contrast, although RHO) encodes a protein 72% identical with a human homolog (RHOA, the best-studied of three human RHO GTPases), functional conservation studies have not been reported. Fig. 1 shows the alignment ofRHOA and Rholp. They share common sequences in the GXXXXGK and DTAGQ GTPase consensus sequences and in the effector domains. Structural conservation is not so obvious in the C-terminal region; only 55% ofthe residues are identical in the sequences after the NKXDL consensus.
Since the human RHOA GTPase is required for cell proliferation (10) agitation with glass beads (31) . After centrifugation at low speed, the supernatant was used for the ADP ribosylation assay (32 Expression of RHOA Protein in Yeast. The temperature sensitivity mentioned above could result from instability of the heterologously expressed protein at the restrictive temperature. To check this possibility, we. directly examined levels of the RHOA protein using the RHO-specific ADPribosylation reaction catalyzed by botulinum C3 exoenzyme (22, 35) . Yeast Rhoip could be labeled with NAD32P and was shown to be a major ADP-ribosylated protein in yeast (22 (Fig. 4, lane 1) . In cells expressing both the yeast RHOIN46s and human RHOA (YOC726), we found that levels of the RHOA protein do not decrease noticeably after 6 h of incubation at 37C (Fig. 4A ). Since 53% of cells that rely solely on expression of RHOA already lost viability during the same period of incubation (Fig. 4B) RHOA) were examined after incubation at the restrictive temperature. YOC725 cells stop growing after -6 h, but the bud sizes appear to be random. Flow cytometric analysis (data not shown) further confirms that the cells stop growing at all stages of the cell cycle. Since many cells looked fragile under the microscope, we tested an effect of osmotic stabilizer on their growth. We found that the temperature sensitivity of YOC725 is suppressed by the addition of 0.5 M sorbitol. The same condition does not suppress lethality of the rho) deletion mutation. To examine directly cell lysis, we used a simple plate overlay assay, which detected leakage of alkaline phosphatase from cells (34) . Two temperaturesensitive strains were used as controls: pkcl/sttl causes cell lysis (26) , and cd42-1 (16, 17) does not result in cell lysis. The wild-type control cells and the cdc42-1 cells are unstained, whereas the YOC725 and pkcl/sttl cells turn blue (Fig. 6 ).
These findings indicate that the function of rho GTPase is related to osmotic integrity in yeast. DISCUSSION We show above that human RHOA and yeast RHO1 retain functional similarity in yeast, as might be expected from the 72% identity in amino acid sequence. Expression of human RHOA complemented the rhol deletion mutation at 230C. Substitution ofRHOI with RHOA was, however, insufficient either at high temperature (37°C) or in the presence of a high concentration (300 mM) of Ca2+. We exploited this phenotype in two ways. First, we identified the region that specifies the functional difference between the two evolutionarily conserved GTPases. Second, we defined further the essential function of rho GTPase in yeast based on the observations that the cells lyse at high temperature and that the temperature-sensitive phenotype can be suppressed in the presence of 0.5 M sorbitol.
A Small Region Specifies Functional Differences Among the rho GTPases. Homolog scanning with the two GTPases identified a small, 27-residue region of RHO) that can confer full function to RHOA. Since substitution of the RHO) region corresponding to the a3 helix and loop 7 region into the RHOA sequence is sufficient to gain the RHO) fumctions, it is possible that the a3 helix and loop 7 region specifies the functional difference between RHO1 and RHOA GTPases. This result can be put into the context of previous work, which implicated this region in the functional difference between the YPTI and SEC4 functions in yeast (37, 38) . To this end, we suggest that the human RHOA cannot recognize an interacting molecule (e.g., guani nucleotide-exchange factor or GTPase-activating protein or other taWet molecule) and that the corresponding molecules are associated with Yptlp and Sec4p to specify their functional difference.
The chimeric genes were analyzed by using two yeast tester strains: a rhol deletion mutation and a strain that relies solely on the expression of human RHOA. The difference in complementation ability observed with these strains is an unexpected result, since expression ofRHOA is recessive to RHO). Our current supposition is that under some conditions the nonfunctional RHOA competes with the chimeric proteins by titrating out essential binding protein(s). Inability of RHOA to compete with Rholp, as is deduced from recessiveness of RHOA to Rholp, may be due to lower affinity of the heterologous protein. Alternatively, Rholp may act as a multimer or in some complex in which more than one copy of Rholp is included. In these circumstances, the wild-type Rholp should form a homomultimer or be selectively incorporated into the complex.
Function of the Yeast rho GTPase. Cells relying solely on RHOA lyse in ordinary media at the restrictive temperature (Fig. 6 ). Furthermore, their temperature sensitivity is suppressed simply by the addition of 0.5 M sorbitol. This implies that substitution of RHO) with RHOA results in defects of osmotic integrity at the restrictive temperature. Since many mechanisms could account for defects ofosmotic integrity, it is worthwhile to identify the pathway in which RHO) is involved. Our recent approach to isolate multicopy suppressors of the rho) deficiency has revealed that multiple copies of PKC), a putative protein kinase C gene (39) , suppressed the temperature sensitivity of the RHOA substitution strain (H.Q. and Y.O., unpublished result). PKCI itselffunctions in osmotic integrity, since a PKCI deletion mutation results in cell lysis (34, 40, 41) as is observed with the RHOA substitution strain. Genetic evidence is accumulating that a mitogen-activated protein kinase activation pathway is mediated by PKCI (42) . Thus, it is likely that yeast RHO) functions somehow in the yeast protein kinase C pathway. A study of mammalian rho using C3 ADP ribosyltransferase also suggests that the RHOA protein plays a role downstream of protein kinase C (6) . Further characterization of the other multicopy suppressors will be useful to reveal a genetic network with RHO1 GTPase involved in osmotic integrity.
